To investigate the influence of microwave radiation on the human fibroblast nuclei, the effects of three variants of electromagnetic wave polarization, linear and left-handed and right-handed elliptically polarized, were examined. Experimental conditions were: frequency (f) 36.65 GHz, power density (P) at the surface of exposed object 1, 10, 30, and 100 µW/cm 2 , exposure time 10 s. Human fibroblasts growing in a monolayer on a cover slide were exposed to microwave electromagnetic radiation. The layer of medium that covered cells during microwave exposure was about 1 mm thick. Cells were stained immediately after irradiation by 2% (w/v) orcein solution in 45% (w/v) acetic acid. Experiments were made at room temperature (25 °C), and control cell samples were processed in the same conditions. We assessed heterochromatin granule quantity (HGQ) at 600× magnification. Microwave irradiation at the intensity of 1 µW/cm 2 produced no effect, and irradiation at the intensities of 10 and 100 µW/cm 2 induced an increase in HGQ. More intense irradiation induced more chromatin condensation. The right-handed elliptically polarized radiation revealed more biological activity than the left-handed polarized one.
Introduction
The effect of microwave radiation on cell nucleus morphology was first demonstrated in the early 1970's. A microwave-induced increase in cell nucleus volume of human cells was revealed (Kiselev and Zalyubovskaya, 1973) . In human cells, 1 h after cell exposure to radiation at the intensity of 20 mW/cm 2 , the nuclear volume decreased, but after 24 and 48 h following irradiation, there was an increase in the volume of the nucleus and a small decrease in the volume of the nucleolus (Szmigielski et al., 1975) .
Many researchers have analyzed the chromosome aberrations and DNA damage induced by microwaves. Microwave irradiation (frequency (f)= 1.8 GHz, specific absorption rate (SAR)=2-4 W/kg) induces DNA damage in human lens epithelial cells, but electromagnetic noise blocks DNA damage (Yao et al., 2008) . In cultured hamster cells, a dosedependent increase of chromosome aberrations was induced by microwaves (f=7.7 GHz, power density (P)= 30 µW/cm 2 ) (Garaj-Vrhovac et al., 1990) . Cell exposure to microwaves increases the quantity of micronuclei (Garaj-Vrhovac et al., 1991) . Irradiation by microwaves of less intensity (P=0.5 µW/cm 2 ) also induces chromosome aberrations and micronuclei increase in human lymphocytes (Garaj-Vrhovac et al., 1992) . In lymphocytes of persons previously subjected to intensive microwave irradiation by accident, the number of micronuclei is elevated (Garaj-Vrhovac, 1999) . The micronuclei induction by microwaves has been shown by some researches (Trosic et al., 2002; Zotti-Martelli et al., 2005) , but not in others (Zeni et al., 2003; Görlitz et al., 2005) .
In our previous work we showed that microwaves induce an increase of heterochromatinization in the nuclei of human buccal epithelium cells (Shckorbatov et al., 1998) . This phenomenon is related to the state of polarization of the electromagnetic wave (Shckorbatov et al., 2009) . These investigations induce interest because the frequency of approximately 35 GHz is commonly used in many scenarios and, in particular, in police radars (Tillemans, 2008) . In the present work, we investigate the biological effect of microwaves of close frequency (36.64 GHz). The intensity of irradiation in our experiments (10 µW/cm 2 ) is far below the level (10 mW/cm 2 ) that induces a considerable thermal effect, and is believed to be non-hazardous (Michaelson, 1980) . The low intensity of irradiation and short exposure time (10 s) in our experiments were chosen in order to determine the minimal intensity of electromagnetic irradiation that induces chromatin condensation. The process of heterochromatinization is connected with DNA damage (Luijsterburg et al., 2009) , so, in principle, microwaveinduced heterochromatinization may be connected with microwave-induced mutations.
In our previous work, we analyzed the effects of microwaves on human buccal epithelium cells (Shckorbatov, 1999; Shckorbatov et al., 2009) , but the effect of microwaves on the process of heterochromatinization in other types of cells remained unexplored. In the present work, we studied the effect of microwaves of different elliptical polarization on quantity of heterochromatin granules in cultured human fibroblasts.
Materials and methods

Cell line and cell culture
The primary diploid fibroblast cell line was derived from a skin specimen of a 35-year-old donor. Cells were grown in Dulbecco's modified Eagle's medium (DMEM) plus 10% (w/v) fetal bovine serum (FBS), 100 U/ml of penicillin, and 100 mg/ml streptomycin in 5% CO 2 at 37 °C.
Irradiation procedure
To obtain microwave radiation of frequency (f) 36.65 GHz, we used a semi-conductor device developed at the Department of Theoretical Radiophysics of Kharkiv National University, Ukraine. Exposure of a cell sample was achieved in a free space. Cells growing in a monolayer on a cover slide were exposed to radiation. The layer of cultured medium covering cells during exposure to microwaves was about 1 mm thick. Immediately after exposure, cells were stained by orcein. All experiments were conducted at room temperature (25 °C), the control cell samples (not exposed to radiation) being processed under the same conditions. The temperature was chosen for convenience. In our previous experiments, cells retained viability at this temperature for 8 h, as revealed by modified Nassonov's test for cellular ability to concentrate vital stain indigo carmine in granules after 30 min of staining (Shckorbatov et al., 1995) .
In our experiments, the radiation power density (P) on the surface of exposed object was 1, 10, 30, and 100 µW/cm 2 . We applied a linearly or elliptically polarized radiation. Irradiation time in all experiments was 10 s. At the low energy of irradiation applied in our experiments, the calculated increase of the cell sample temperature is very small. Calculation of temperature changes of cell sample carried out by precise numerical simulation of the experimental setup has shown that, even in the case of maximal electromagnetic power applied, i.e., 100 µW/cm 2 , the increase of the cell sample temperature during 10-s irradiation is less than 0.0076 °C. In order to obtain an elliptically polarized radiation, we applied a grating polarizer, the surface of which was perpendicular to the vector K (direction of electromagnetic field propagation) and was oriented at angle φ=45° to the vector E (electric field component of electromagnetic field). The elliptically polarized electromagnetic field can be interpreted as a result of superposition of two linearly polarized mutually orthogonal waves, E x =E 1 cos2πf 0 t and E y = E 2 cos(2πf 0 t+ψ), of an identical frequency (f 0 ), but different amplitudes (E 1 and E 2 ) and shifted phase (ψ) spreading along the axis of z. Here t denotes time. If ψ=0 or ψ=±π, the field has linear polarization; if ψ=±π/2 and E 1 =E 2 , circular polarization. In the case when ψ≠nπ and E 1 ≠E 2 , the field is elliptically polarized. Thus, the circularly polarized field is the special case of the elliptically polarized field. In this study, the source of microwave radiation generated the linearly polarized wave, which, by the grating polarizer, was transformed into elliptically polarized wave with the coefficient of elliptisity of 0.65. This is the same experimental setup used in our previous work (Shckorbatov et al., 2009 ).
Chromatin state evaluation
We estimated the heterochromatin granule quantity (HGQ) in human cells by the method described previously (Shckorbatov, 1999) . After cell exposure to microwaves, cells were stained with 2% (w/v) orcein in 45% (w/v) acetic acid (Reachem, Moscow, Russia) (Sanderson and Stewart, 1961) . Cells stained with orcein are presented in Fig. 1 .
Cells were investigated at 600× magnification. In each variation of the experiment, we assessed HGQ in 30 nuclei. The mean HGQ value and the standard error of mean (SEM) were calculated for the 30 nuclei (Figs. 2-3) . The optimal number for analysis was determined in our previous experiments. The SEM was less than 5% of the mean. Each experiment was repeated three times.
Cell viability evaluation
For evaluation of cell membrane damage, we used the trypan blue test. This test is also used for the assessment of cell viability (Hodgson, 2004) . We assessed the percentage of unstained cells after 5 min of cell staining with 1% (w/v) trypan blue in 3.03 mmol/L phosphate buffer (pH=7.0) with 2.89 mmol/L CaCl 2 .
Statistical analysis
The data were processed by Student t-test and analysis of variance (ANOVA) test. The difference was considered statistically significant when P<0.05.
Results and discussion
The level of cell viability (percentage of cells unstained with trypan blue) was 86%. In the first set of experiments (Fig. 2) , we studied changes in HGQ after cell sample exposure to linearly polarized radiation at different intensities of 1, 10, and 100 µW/cm 2 .
As shown in Fig. 2 , the HGQ increased after microwave irradiation at the intensities of 10 and 100 µW/cm 2 , but the irradiation at the intensity of 1 µW/cm 2 did not produce any effect.
The biological meaning of the process of heterochromatin granule formation, so-called heterochromatinization, is a decrease of general gene activity or transcriptional activity. As is known, heterochromatin is mainly the inactive part of chromatin with low transcriptional activity (Lewin, 2004) . Our data on microwave-induced heterochromatin granule formation in human fibroblasts were in a good agreement with previous data in human buccal epithelium cells (Shckorbatov et al., 1998; . The biological consequences of electromagnetic irradiation in connection to heterochromatin granule formation may be the following. As a contributor to cell stress, microwave radiation may evoke a reversible reaction of cell nucleus that leads to cardinal change in cell metabolic activity. Of course, if it is evoked once or relatively rarely, it may be reversed without consequence, but the continuous provocation may be an impediment to normal functioning of cells.
In Fig. 3 are presented data on the influence on cells of differently polarized microwaves at the intensities of 10, 30, and 100 µW/cm 2 .
As shown in Fig. 3 , the right-handed polarized microwaves induced more heterochromatin granules than the left-handed polarized microwaves. Our data indicate that the action of polarized microwave radiation on cell nucleus depends on the state of polarization of electromagnetic wave ( Table 1) , and that the influence of polarization factor is statistically significant in variants after cell exposure to 10 and 100 μW/cm 2 . Table 2 showed that cell exposure to microwaves with right-handed elliptical polarization is more effective than that with left-handed polarization (P<0.05), and that cell exposure to microwaves at the intensity of 100 µW/cm 2 has a stronger effect than cell exposure at 10 µW/cm 2 (P<0.05).
We propose that difference in biological effect of differently elliptically polarized microwaves is related to the differential absorption of the energy of electromagnetic waves by asymmetric macromolecules and macromolecular complexes (including DNA and DNA-protein complexes) in the cell nuclei. Comparing the present data concerning the differences in the activity of differently polarized microwaves with results obtained previously (Shckorbatov et al., 2009) , we can conclude that the reaction of chromatin to right-polarized and left-polarized irradiation in human buccal cells is individual. In human buccal epithelium cells, the greater effectiveness of linearly polarized irradiation compared to leftpolarized irradiation is clear, but this effect was not demonstrated in human fibroblasts.
Conclusions
Microwave irradiation at the frequency of 36.65 GHz and the intensities of 10 and 100 µW/cm 2 induces chromatin condensation in human fibroblasts. The right-handed elliptically polarized radiation demonstrated more biological activity than the lefthanded elliptically polarized one. As the left-handed elliptically polarized microwaves induce less effect of heterochromatinization, it is possible that left-handed polarized microwaves may be preferred for use in various systems of radio communications.
